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Stroke is the leading disease accounting for death and disability in the 

world. It is often caused by the occlusion of blood vessels supplying the brain. 

Stroke causes the opening of blood-brain barrier (BBB), the specific vascular 

structure that regulates delivery of substances to the brain. The integrity of the 

barrier structure depends on a dynamic interaction between endothelial cells, 

glial cells, and neurons, collectively called the neurovascular unit. BBB 

breakdown during stroke would allow plasma constituents to enter the brain and 

possibly damage cells. In this study, I sought to investigate if BBB leakage of 

plasma toxic factors might contribute to the pathology of ischemic injury. 

To address the above question, the first step was to establish the 

correlation between BBB leakage and tissue injury. Focal ischemia was 
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produced in a rat model of the middle cerebral artery occlusion (MCAo). High 

molecular weight dextran-fluorescein isothiocyanate (FITC) was employed to 

label vascular leakage. A consistent pattern of vascular labeling by dextran-FITC 

was observed within the ischemic core. Ultrastructural examination showed 

evidence of cytotoxic edema and severely disrupted vascular membrane 

associated with the presence of dextran-FITC. Histology revealed that the 

regional distribution of the severe vascular disruption correlated with the area of 

the ischemic infarction and neuronal injury. I concluded from these experiments 

that dextran-FITC can serve as a marker for severe vascular disruption and is 

useful in further studies of the patho-anatomic mechanisms of vascular-disruption 

mediated tissue injury. 

The next step was to identify the toxic factor that leaks into the 

parenchymal tissue. Among many candidates, thrombin is one of the earlier 

mediators responding to endothelial damage. In our stroke model, infusion of 

thrombin intra-arterially during ischemia greatly exacerbated blood-brain barrier 

breakdown and severe vascular disruption. Vascular disruption was blocked by 

intravenous infusion of the direct thrombin inhibitor argatroban. Greater numbers 

of dying cells were found in regions of severe vascular disruption, and 

interventions that reduced vascular leakage also reduced the numbers of dying 

cells, labeled by terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL). These experiments suggested a key role for thrombin in mediating cell 
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demise during ischemia. The next question was to ask how thrombin mediates 

cell death. 

Thrombin may contribute to ischemic injury by potentiating coagulation 

activity and/or acting on protease-activated receptor 1 (PAR1) on brain cells. To 

test the specific cellular pathways activated by thrombin, PAR1 antagonist was 

infused via the jugular vein during ischemia and protected the brain from further 

vascular damage. Arterial infusion of PAR1 agonist peptide exacerbated the 

vascular disruption and tissue injury. Immunohistochemistry revealed that PAR1 

was activated in regions with vascular leakage. Inhibition of p38 mitogen-

activated protein kinase (MAPK), a downstream effector of PAR1, alleviated the 

ischemic injury. Infusion of an antagonist against platelet aggregation, however, 

did not affect the ischemic vascular injury and tissue injury. Together, these data 

suggested a critical role for PAR1/MAPK pathway in thrombin-mediated ischemic 

injury. Further, the anti-thrombotic function of thrombin antagonists seemed less 

beneficial, suggesting that thrombin mediated thrombosis during ischemia plays 

a less significant role than PAR-1 mediated thrombin toxicity.  
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I. INTRODUCTION 
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Stroke 

Stroke is the leading cause of death and disability in the world. Each year, 

approximately 795,000 people suffer from stroke in the United States and 15 

million worldwide. Clinically, stroke refers to the symptoms produced by the 

sudden loss of cerebral blood supply. In general, stroke can result from two types 

of conditions: ischemic stroke occurs when the arteries are occluded by blood 

clots and hemorrhagic stroke results when the blood vessels rupture and bleed 

into the brain tissue. Most often, stroke occurs due to the occluded blood vessels 

and leads to the compromised blood flow to a certain brain territory.  

During an ischemic stroke, different brain regions lose cerebral blood flow 

in a heterogeneous distribution2-4. Traditionally, the central area of the stroke is 

defined as the ischemic core where the blood flow reductions are severe and 

cells die rapidly. The peripheral area of the stroke is recognized as penumbra 

where the reduction of blood flow is modest and the cells are able to survive with 

comprised metabolism. The penumbra region is considered salvageable if 

reperfused in time, but with extended ischemia duration, the penumbra might 

evolve into ischemic core and worsen the stroke condition. 

Currently there is only one FDA-approved treatment for patients of acute 

ischemic stroke, through the use of recombinant tissue plasminogen activator 

(tPA) which initiates blood clot lysis5. It improves patient outcomes if applied 

within three hours of ischemia onset. However, only about 3% of patients 

nationwide are able to benefit from this treatment due to the three hour temporal 
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window6. With a mortality rate of 30% and disability rate of 30%, stroke remains 

one of the most challenging medical emergencies for healthcare. The goal of 

stroke research is to understand the basic mechanisms of the disease and 

provide new avenues of treatment.  

Cell death mechanisms 

What causes brain cell injury during ischemia? Ischemic cell death is a 

complex process engaging interlinked mechanisms and overlapping features7. 

Previous studies have indicated at least three fundamental mechanisms leading 

to ischemic cell death: excitotoxicity and ionic imbalance, oxidative stress, and 

apoptotic-like cell death8.  

Excitotoxicity is set in motion soon after the onset of stroke and leads to 

necrosis in the ischemic core9-10. Excitotoxicity starts with the loss of energy 

stores and the subsequent failure of the ATP-dependent ion channels that result 

in intracellular ion imbalance and membrane depolarization. As a result, calcium 

concentration increases and triggers the over-release of glutamate, the major 

excitatory neurotransmitter in the brain. Extracellular glutamate binds to NMDA 

and AMPA receptors and promotes the excessive influx of calcium, which 

induces several lipases and proteases that degrade the membranes and disrupt 

cellular integrity. Glutamate also binds to ionotropic glutamate receptors 

promoting excessive influx of sodium that induces cell swelling and edema.  
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Oxidative stress is mediated by reactive oxygen radicals, most of which 

are generated by dysfunctional mitochondrial and disrupted electron transport11-

13. Production of reactive oxygen radicals contribute to ischemia damage 

profoundly after reperfusion. Those oxygen radicals can directly damage all 

cellular components such as lipids, proteins, nucleic acids and carbohydrates. In 

addition, oxygen radicals are related to the activation of the mitochondrial 

transition pore (MTP), facilitating the release of the pro-apoptosis factors that 

exacerbate cell death14-15.  

Apoptotic-like mechanisms have been implicated for ischemic cell death, 

especially in the penumbra area where the ischemic insult is relatively mild. 

Apoptosis could be triggered by a large number of stimuli including increased 

calcium signal, free radicals production, DNA damage, and protease activation16-

20. Both caspase-dependent and caspase-independent mechanisms might be 

recruited in apoptosis during ischemic stroke21-22. More recently, it is suggested 

that neuronal death occurring in the penumbra region is neither typical necrosis 

nor apoptosis; instead it appears to be a hybrid that contains pathological 

features of both23. Since apoptosis is an active programmed process that 

progresses over hours and even days, it is a likely mechanism for delayed 

ischemic cell death as well.  

From the therapeutic point of view, it is important to identify the point at 

which the cell enters irreversible death process and associate it with certain 

morphological or biochemical features. In practice, however, this has become 
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very challenging given the heterogeneous nature of stroke pathology24-26. It is not 

completely understood why a certain group of cells die from a particular injury 

mechanism. In general, neurons are less resistant to ischemia than astrocytes or 

endothelial cells7. The differential vulnerability also exists among different groups 

of neurons. Hippocampal CA1 pyramidal neurons suffer from delayed neuronal 

death after a short global ischemia, whereas CA3 neurons are unaffected27. The 

basis for the heterogeneity of ischemic injury is not clear9. 

Although much progress have been made in understanding the neuronal 

injury mechanism during ischemic stroke, all the clinical trials targeted to single 

cellular pathway have failed so far, indicating that a more integrative insight into 

the cellular and molecular mechanism of ischemic injury is required for the future 

therapy.   

Blood-brain barrier breakdown  

Stroke is a vascular disorder affecting neuronal function28. Blood-brain 

barrier serves as an interface between systemic circulation and central nervous 

system. BBB exists in the capillaries and often refers to the cellular structure 

composed of endothelial cells, tight junctions, pericytes, basement membrane, 

and astrocytic end feet29. The integrity of BBB is crucial to maintain the 

homeostasis of the brain.  In the condition of ischemic stroke, however, the 

barrier function can be disrupted resulting in many detrimental effects such as 

vasogenic edema and hemorrhage transformation30-31.  
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BBB damage is often measured by the extravasation of small serum 

constituents such as albumin and immunoglobulin32-34. Extravasation appears in 

the ischemic territory as early as 30min after the stroke onset, and evolves over 

hours and even days after reperfusion35-36. In addition to the direct endothelial 

damage, factors that affect BBB permeability include hypoxia, angiogenesis, 

inflammation, and proteolysis by matrix metalloproteinase (MMP). 

The role of hypoxia in BBB damage has been investigated in an in vitro 

model of brain microvessel endothelial cells37. Hypoxia induces a rapid increase 

in intracellular calcium, and triggers several signaling cascades such as 

calcium/calmodulin-dependent protein kinases (CaMK), extracellular signal-

regulated kinase (ERK), and protein kinase C (PKC)38. Hypoxia also activates 

transcription factor hypoxia inducible factor-1 (HIF-1) and promotes production of 

reactive oxygen species39-40. These pathways alter the expression of junctional 

proteins, such as E-cadherins, claudins, and occludins, and consequently disturb 

the BBB integrity37, 41. 

The angiogenic  response promotes neovascularization and 

neurogenesis42-44,  and is also accompanied by increased vascular 

permeability45-46. The angiogenic response is initiated by the expression and 

release of vascular endothelial growth factor (VEGF)39. VEGF then binds to 

VEGF receptor 2 and affects the stability of tight junction complex via the Src 

kinase pathway46-47.  
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Inflammation in the blood-vessel wall and brain parenchymal tissue may 

both contribute to stroke injury48-50. Pro-inflammatory responses are induced 

within minutes after the brain injury. Increased expression of cell adhesion 

molecules in endothelial cells mediates the infiltration of neutrophils across the 

BBB51. Other cells including reactive microglia, macrophages, astrocytes and 

neurons, also generate inflammatory mediators that exacerbate the damage52.   

Matrix metalloproteinase activation has recently been implicated as an 

important mechanism contributing to BBB injury during stroke53-54. Proteolytic 

activity of MMPs can be triggered by oxidative stress and mitogen-activated 

protein kinase (MAPK) pathways55-58. The gelatinases MMP2 and MMP9 target 

collagen IV the major component of basement membrane. Other components of 

tight junction such as occludins might also be degraded by MMPs59. Increased 

levels of MMPs are detected in the blood and brain after ischemia and are 

associated with increased BBB leakage60-61.  

Central hypothesis 

Ischemic stroke involves complex spatial and temporal events evolving 

over time. The development of ischemic injury is hardly dependent on a single 

pathway or a single cell type. A growing body of literature has pointed to the 

importance of the neurovascular unit, a conceptual framework useful to 

understanding stroke pathophysiology7, 28. Neurovascular unit refers to neurons, 

astrocytes, endothelial cells, and the associated extracellular matrix. An 
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integrative view of the dynamic interaction within neurovascular unit is crucial to 

understanding the mechanism of stroke and search for new therapeutic targets. 

As reviewed above, blood-brain barrier disruption and parenchymal tissue 

damage share several injury mechanisms. Reduction of BBB permeability often 

accompanies decreased infarct volume62-64. We therefore asked whether there is 

a causal relationship between the BBB disruption and tissue injury. The opening 

of the BBB during stroke not only allows the passage of water into the 

parenchymal tissue and causes edema, but also provides the possibility for 

serum constituents to enter the brain and directly induce cellular injury. We 

hypothesize that blood-brain barrier leakage contributes to ischemic injury by 

allowing the entry of plasma-derived toxic factors into the brain leading to tissue 

injury.

To test the hypothesis, first we need to establish the correlation between 

BBB disruption and tissue injury. Previous attempts to establish a relationship 

between tissue and vascular injuries have not been successful because of the 

use of small markers that tend to leak through minimal opening of BBB and 

spread diffusively beyond the original injury sites. In this study, I proposed to use 

a large fluorescent marker, 2 MDa dextran conjugated with fluorescein 

isothiocyanate (FITC), to track vascular disruption, and I developed an imaging 

analysis method to quantitate the vascular damage. Using this simple imaging 

technique, I would expect to see larger area of tissue injury with greater vascular 

damage, and reduced injury as the vascular damage decreased.  
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The next step was to identify the toxic factor that leaks into the 

parenchymal tissue. In a catastrophic event like stroke, thousands of molecules 

in the systemic circulation might invade the brain tissue. A candidate toxic factor 

should at least possess the following properties: abundant in the blood but not in 

the normal brain; toxic to neuronal cells; and present in the vascular leakage 

sites. In this study I focus on thrombin, one of the earliest mediators responding 

to endothelial damage during ischemia.  By promoting or inhibiting thrombin 

activity during ischemia, I would expect to see increased or decreased level of 

ischemic injury.  

To validate the role of thrombin in causing brain damage after ischemia, it 

is vital to identify the pathological molecular events that are triggered by thrombin. 

Thrombin in plasma could exacerbate tissue injury via multiple pathways, of 

which I study two specific processes: one is to increase coagulant activity and 

promote thrombosis; the other is to cross the blood-brain barrier and activate the 

PAR1 receptors on parenchymal tissue cells leading to subsequent cell death. I 

will interfere with either process to test if one or both contribute significantly to 

tissue damage induced by thrombin. The results of the experiments will provide 

insights to the critical molecular events in focal ischemia, and will indicate 

important target molecules for treatment of stroke.
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II. SEVERE BLOOD-BRAIN BARRIER DISRUPTION AND 

SURROUNDING TISSUE INJURY 
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Introduction 

Cerebral ischemia triggers several inter-related events, including cytotoxic 

and vasogenic edema, microvascular thrombosis, and tissue degeneration7, 9, 65-

66. Although the molecular mechanisms of cellular death in ischemia have not 

been fully understood, blood-brain barrier leakage of serum constituents might 

exert a direct toxic effect on brain parenchyma67-69. Previous research has 

identified several candidate toxic factors, such as plasmin, tissue plasminogen 

activator (tPA), fibrin, fibrinogen, and thrombin, most of which are components 

involved in blood clotting and clot lysis70.  Blood-brain barrier breakdown allows 

the entry of these toxic factors, normally excluded from the brain, to the 

parenchymal tissue and cause severe damage.  

Blood-derived toxic factors 

Among all the serum constituents, tPA is one of the best-studied 

proteases in the central nervous system. Circulating tPA has a short half-life of 5-

8 min, and the activity of tPA is restricted by plasminogen activator inhibitor-1 

(PAI-1). In the presence of fibrin, tPA is unaffected by PAI-1, and instead will 

activate the zymogen plasminogen into plasmin, which mediates fibrinolysis and 

dissolves clots. Clinically, administration of tPA beyond the 4.5 hour window is 

not beneficial to patients and treatment beyond 8 hours is  associated with 

increased risk of hemorrhagic transformation. In rodent models, plasminogen 

activation could be detected after 3hr of ischemia and persists for as long as 

seven days71-72. Excessive tPA in central nervous system has been related to 
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increased neuronal damage, possibly through the excitotoxicity of NMDA 

receptor73-74.  

Plasmin, converted by tPA from its zymogen form plasminogen, is a 

potential toxic factor too. In vitro studies have showed that plasmin is able to 

digest components of basement membrane such as fibronectin and laminin75. 

Plasmin could also activate MMP-2 and MMP-9, major extracellular matrix 

proteins involved in blood-brain barrier permeability during ischemic stroke76. In 

vivo, direct injection of high dose plasmin into striatum leads to increased 

neuronal apoptosis and tissue injury67.  

Fibrinogen is yet another blood-derived factor that could enter 

parenchymal tissue after blood-brain barrier breakdown and mediate potential 

toxic effects77. In the presence of thrombin, fibrinogen is cleaved into three 

peptides including fibrinopeptide A and B, and fibrin monomer that subsequently 

polymerizes to form the insoluble fibrin clot. Fibrinogen is also indicated to 

interact with several integrins and adhesion proteins that are involved in platelet 

activation and inflammatory response. Fibrinogen is likely to serve as the 

anchoring matrix for other membrane surface proteins or growth factors, without 

exerting direct toxic effects on cells. The in vivo role of fibrinogen in disease 

model remains uncertain.  

Although many toxic factors might enter brain via vascular leakage and 

cause cellular injury, I focus on the role of thrombin in stroke for three main 

reasons. First, thrombin is one of the earliest mediators responding to vascular 
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injury and is only activated on the injured sites. Second, the biology of thrombin-

induced effects are widely studied in vitro and relatively more illuminated than the 

other candidates. Third, there are powerful anti-thrombin drugs already on the 

market which will greatly facilitate the experiments. 

Thrombin toxicity 

Thrombin is a major regulator in the coagulation pathway78-79. During 

endothelial damage or brain trauma, thrombin is activated from the cleavage of 

prothrombin by Factor X. Thrombin then will convert soluble fibrinogen to fibrin 

and activate platelets, forming the mesh-work of blood clot80-82. The continuous 

formation of micro-thrombus is likely to exacerbate focal ischemia by occluding 

the vasculature beyond the initial occlusion sites.  

Thrombin has been shown to cause cell death in vitro. The direct cytotoxic 

effects of thrombin appear to be mediated by protease activated receptors 

(PARs)83-85, most significantly the PAR1 receptor86-87. Activation of PAR1 leads to 

neuronal cell death, astrocytic proliferation, microglial activation, and toxin 

release88-89. Thrombin could also affect blood-brain barrier integrity by 

remodeling the endothelial junctional proteins. These toxic effects are mostly 

associated with high dose thrombin. Low dose thrombin, however, could be 

neuroprotective and promote angiogenesis and neurogenesis. 

Thrombin toxicity has also been tested in vivo. Direct injection of high 

doses of thrombin (5U-25U) in the brain causes significant tissue injury and 
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edema90-95. In hemorrhagic stroke models, continuous release of activated 

thrombin from existing clots causes severe damage to the brain tissue96, while 

infusion of argatroban, a direct inhibitor of thrombin, showed a reduced level of 

peri-hematomal infarction97-99. These data suggested that thrombin is a likely 

candidate to mediate vascular and tissue injury following stroke.  

We sought to determine whether thrombin mediated endothelial barrier 

dysfunction and tissue injury using an in vivo ischemia model. 
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Materials and Methods 

All protocols were approved by the Animal Research Committee of the 

Veteran’s Affairs Medical Center, San Diego, and by the IACUC of University of 

California San Diego, following all national guidelines for the care of experimental 

animals.  

Animal model 

The procedure for middle cerebral artery occlusion (MCAo) model was 

performed as described previously by the Lyden lab100-101.The subjects were 

male adult Sprague Dawley rats, 290g to 310g. All animals received tail-vein 

injections of 0.3mL FITC-dextran (Sigma-Aldrich, FD2000S; 2MDa, 5% solution 

in phosphate buffered saline) at the start of the surgery1. Animals were 

anesthetized with 4% isoflurane mixed in oxygen and nitrous oxide (30:70) by 

facemask. A midline neck incision was made exposing the left common carotid 

artery. The external carotid and pterygopalatine arteries were ligated with 4-0 silk. 

An incision was made in the wall of the external carotid artery close to the 

bifurcation point of the external and internal carotid arteries. A 4–0 heat-blunted 

nylon suture (Ethicon) was then inserted and advanced approximately 17.5 mm 

from the bifurcation point into the internal carotid arteries, thereby blocking the 

ostium of the middle cerebral artery. The suture was removed later, typically after 

4 hours but this could be varied, to allow the reperfusion of blood flow for 30 

minutes. To avoid the complexity of laser Doppler flow monitoring, which requires 

scalp retraction and burr hole placement, we used clinical ratings to assure 
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proper placement of the nylon filament. Neurological abnormality was examined 

1 hour after ischemia onset and again during reperfusion using a published 

rodent neurological grading system102. Typically animals with 3 positive findings 

(abnormal forepaw retraction on tail lift, circling, reduced exploration, obvious 

hemiparesis) on both the 1-hour and the reperfusion examinations were found to 

have lesions; animals with fewer findings were typically excluded. Animals were 

excluded also for subarachnoid hemorrhage found at postmortem dissection. At 

the end of the reperfusion period, animals were euthanized with an overdose of 

pentobarbital and then intracardially perfused with 250 ml saline followed by 300 

ml of 4% paraformaldehyde. Brains were removed, post-fixed, cryoprotected in 

30% sucrose, and then sliced into 50µm sections on a freezing microtome 

(Reichert-Jung). 

Drug preparation 

Subjects were randomly assigned each day to receive thrombin or vehicle 

(saline) and then all laboratory staff remained blind to group assignment until the 

code was unmasked after all data analysis was complete. Rat thrombin (Sigma-

Aldrich, T5772) was dissolved in saline at 1unit/ml and infused through PE10 

tubing attached to the external carotid artery immediately after the onset of MCA 

occlusion. The infusion continued using a syringe pump (Thermo Scientific, Orion 

M362) at 0.2mL/hr for 4hr ischemia and 30min reperfusion. Argatroban (Enzo 

Life Sciences, BML-PI146) was dissolved in saline at 0.56mg/ml and was infused 

through jugular vein using a syringe pump. We started to infuse argatroban 



28 
 

 
 

(1.69mg/kg) immediately after the onset of ischemia and continued for the 

duration of ischemia and reperfusion. Dosage of argatroban was based on 

published results98.   

Immunofluorescence of thrombin 

Sections were immunostained with primary antibodies including goat anti-

thrombin (Santa Cruz, sc-23335, 1:200), mouse anti-NeuN (Millipore, MAB377, 

1:1000), mouse anti-GFAP (Millipore, MAB360, 1:5000), and fluorescent 

secondary antibodies Cy5 anti-goat IgG (Millipore, AP180S, 1:1000), Cy3 anti-

mouse IgG (Millipore, AP192C, 1:1000). The protocol for immunostaining is 

described in brief:  sections were permeabilized with 5% bovine serum albumin 

and 0.1% triton X-100 for 1 hour, incubated with primary antibody at 4°C  for 2 

days, and followed by incubation with secondary antibody at room temperature 

for 4 hours.  Sections were washed in PBS, mounted on slides, and cover-

slipped with Pro-Long antifade reagent (Invitrogen). To confirm the specificity of 

thrombin antibody, three control experiments were conducted using no primary 

antibody, primary antibody pre-incubated with blocking peptide (Santa Cruz, sc-

23335P), and primary antibody pre-incubated with rat plasma thrombin (Sigma-

Aldrich, T5772). Fluorescent images were obtained using confocal microscopy 

(Olympus FV1000).  
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Analysis of vascular damage 

To characterize the extent of severe blood-brain barrier disruption in each 

animal, 9 sections spanning the MCA territory were imaged under epi-

fluorescence microscopy using a highly sensitive CCD camera (Apogee, 

KAF32MB). The signal of FITC-dextran was quantified using Image-Pro Plus 

(Cybermedia)  as described previously1. To characterize the extent of blood-brain 

barrier opening—which is different from severe vascular disruption—sections 

were processed for immunostaining of endogenous IgG. Briefly, sections were 

quenched in 3% hydrogen peroxide for 10 minutes, incubated in primary antibody  

at 4°C for 1 day (Vector Laboratories, anti-universal IgG), and then incubated in 

biotinylated anti-rabbit secondary antibody for 4 hours, followed by peroxidase 

catalysis of diaminobenzidine reporter (Vector Laboratories, PK6100 and 

SK4100). The distribution of IgG was outlined and quantified using Image-Pro 

Plus using methods previously published1.  

Cell death assay 

To detect the cellular death associated with ischemic vascular disruption, 

a TUNEL staining protocol was employed using the In Situ Cell Death Detection 

Kit (Roche, Cat# 12156792) with minor modification. Sections prepared above 

were pretreated with fresh 0.1% Triton X-100 and 0.1% sodium citrate buffer for 

10 minutes on ice. Then the sections were rinsed twice with phosphate buffered 

saline (PBS), and incubated with TUNEL reaction mixture prepared according to 

the manufacturer’s instruction for 3 hours at 37ºC. Finally, the sections were 
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rinsed in PBS, mounted with ProLong Gold antifade reagent (Invitrogen), and 

imaged with a stereoscope (Olympus, MVX10 MacroView). Three images 

spanning the striatum on the ischemic side were recorded for each brain section, 

and the number of TUNEL positive cells was counted. 
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Results 

Thrombin increased within regions of vascular disruption  

Significant staining of thrombin was found in regions of severe vascular 

disruption labeled by FITC-dextran fluorescence, compared to regions with less 

or no FITC fluorescence (Fig. 1). Double staining with NeuN or GFAP revealed 

that most cellular staining of thrombin was associated with neurons, some with 

astrocytes and microvessel.(Fig. 2). 

Thrombin promoted severe vascular disruption 

Compared to the vehicle group, the thrombin group showed an increase in 

the volume of severe vascular disruption, as labeled by the fluorescence of high 

molecular weight dextran-FITC (Fig. 3A). The areas of vascular damage after 

thrombin treatment were greater in striatum and extended to most regions of 

cortex, whereas after vehicle treatment the severe vascular disruption was 

confined to the striatum (Independent samples t-test, P<0.05, Fig. 3B).  The 

same brain slices were immunostained with IgG antibody, using DAB as the 

reporter, to examine the blood-brain barrier leakage of smaller molecular weight 

plasma proteins (Fig. 3C). The results demonstrated widespread regions of 

blood-brain barrier permeability across the brain section in the thrombin group 

compared to the vehicle group (Independent samples t-test, P<0.05, see, Fig. 

3D).  
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Argatroban protected the brain from ischemic vascular injuries 

To determine whether thrombin inhibition could ameliorate severe 

vascular injury during stroke, subjects were randomly assigned to receive 

intravenous argatroban or vehicle. In the group receiving argatroban treatment, 

the average clotting time increased by 30% (data not shown), confirming 

adequate delivery of the thrombin inhibitor. The brains exhibited a significant 

reduction in severe vascular disruption, as labeled with high molecular weight 

FITC-dextran (Fig. 4A). The number of injured blood vessels and the areas of 

FITC-dextran distribution were reduced by 60% compared to the group receiving 

vehicles (Independent samples t-test, P<0.05, Fig. 4B). No cortical vascular 

damage was observed in the argatroban treatment group. The neurological score 

after 4 hours MCAo in the argatroban group (2.8±0.3, n=6) was not significantly 

different from that in the vehicle group (3.0±0.0, n=5).   

Argatroban blocked thrombin-mediated vascular disruption 

To confirm that the observed ischemic injury to vasculature was mediated 

in part through thrombin activity, we infused argatroban through jugular vein 

simultaneously with the arterial infusion of thrombin through the internal carotid 

artery during ischemia and reperfusion. During arterial infusion of thrombin, 

1.69mg/kg argatroban infused intravenously alleviated the vascular disruption, 

but not to a significant extent. A higher dose of argatroban (3.4mg/kg) 

significantly reduced severe vascular disruption during MCAo and arterial 

thrombin infusions (P<0.01, ANOVA with Neuman-Keuls, Fig. 5).  
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Thrombin inhibition reduced neuronal injury 

In areas of reduced vascular injury, counts of TUNEL stained cells were 

significantly reduced after argatroban treatment (Fig. 6). Intra-arterial thrombin 

increased the extent of TUNEL staining during ischemia. When thrombin was 

infused into the MCA while argatroban was given intravenously, the numbers of 

TUNEL positive cells decreased.  

  



34 
 

 
 

Discussion 

Our data establish for the first time that thrombin plays a crucial role in 

causing severe vascular injury during ischemia. Arterial infusions of thrombin 

augmented the extent of severe vascular injury, while intravenous treatment with 

the direct thrombin inhibitor argatroban inhibited the effect of thrombin on severe 

vascular disruption in a dose related manner. Our data, obtained in a well-

characterized MCAo model, confirms previous findings from in vitro and 

hemorrhagic models in vivo suggesting a cytotoxic property of thrombin. 

Ischemic cellular injury, represented as counts of TUNEL stained cells, increased 

with thrombin and decreased with argatroban treatments, confirming that severe 

vascular injury and cellular damage are both influenced by thrombin activation.  

Most likely, thrombin plays multiple roles during cerebral ischemic insult87. 

Despite the deleterious effect discussed above, however, some studies have 

suggested a beneficial role for thrombin. Low dose thrombin was neuroprotective 

and was a potent mediator for neurogenesis and angiogenesis103-107. Injection of 

low dose thrombin could also serve to induce brain tolerance to ischemic 

attack108-110. Therefore, it is likely that thrombin effects are dosage dependent. In 

our experiment, we infused a small amount of thrombin (3units/kg) over 4 hours, 

a dose that was previously used to precondition the brain against ischemia109-110. 

Interestingly, in the present experiment the infusion of low dose thrombin resulted 

in severe damage to the brain vasculature, suggesting that intraarterial infused 

thrombin might undergo an amplification process through the coagulation 
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cascade111. This speculation was supported by the observation that vascular 

damage by the exogenous thrombin could only be inhibited by a higher dose of 

argatroban (3.4mg/kg). Since we did not measure intra-arterial clot burden, 

however, we cannot definitively address this point.  

Further studies are essential to define the mechanisms by which thrombin 

augments ischemic damage. In particular, the role of PAR1 mediated injury 

seems critical, as well as the role of thrombin mediated micro-thrombosis. 

Perhaps most importantly, it remains to be determined whether thrombin enters 

brain parenchyma to cause direct cytotoxic injury, or simply exacerbates blood 

brain barrier disruption leading indirectly to increased edema and tissue injury.  

In summary, thrombin mediates severe vascular disruption during 

ischemia and thrombin inhibitors may partially ameliorate vascular disruption. 

Further work is needed to establish whether thrombin, entering parenchyma due 

to increased vascular permeability, augments neurotoxicity during ischemia.  
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Figures 

 

  
Figure 1. Thrombin accumulated in regions of vascular leakage. 

Significant staining of thrombin was found in subregions suffering severe 

ischemic injury, as labeled by FITC-dextran fluorescence (red frame), 

compared to regions with lesser extent of ischemia (blue frame) and region 

without vascular labeling (yellow frame). 
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Figure 2. Cell specific binding of thrombin on parenchymal tissue 

(A) Double staining with NeuN revealed that most cellular staining of 

thrombin was associated with neurons as labeled by the neuronal nuclei 

marker NeuN. The image was taken at 20x objective of Olympus FV1000 

Confocol Microscope. (B) Image of high magnification (60x) delineate clear 

staining of thrombin (red) wrapping the neuronal nuclei (blue). (C) Less 

thrombin colocalized with GFAP the marker for astrocytes. 
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Figure 3. Thrombin promoted vascular disruption during ischemia 

(A) Treatment of thrombin during 4hr ischemia greatly enlarged the brain 

region of severe vascular disruption, as visualized by 2MDa FITC-dextran. 

(B) The signals of FITC-dextran were quantified using the method 

previously described1. In the thrombin group (n=6) the area of FITC-dextran 

in both striatum and cortex was larger than in the vehicle group (n=5). (C) 

Blood-brain barrier leakage, as visualized by IgG, was mostly confined to 

lateral striatum ipsilateral to the MCA occlusion in the vehicle group, 

whereas in the thrombin group IgG leakage involved cortex as well. (D) 

After thrombin treatment, the area of IgG leakage showed increased 

modestly in striatum and very significantly in cortex. * P<0.05; ** P<0.01. 
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Figure 4. Intravenous infusion of argatroban reduced severe vascular 

damage during ischemia 

(A) Examples of brain slices in argatroban group (right) and vehicle group 

(left). Treatment with argatroban during ischemia protected the brain from 

ischemic vascular disruption labeled by FITC-dextran. (B) The area of 

FITC-dextran distribution was significantly reduced in argatroban group 

(n=6) compared to the vehicle group (n=5). No cortical vascular damage 

was found in either group. * P<0.05. 
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Figure 5. Argatroban blocked thrombin-mediated vascular disruption. 

To test the specificity of thrombin toxicity during ischemia, thrombin was 

infused into the internal carotid artery in all animals during 4hr MCA 

occlusion, with simultaneous infusion of vehicle or argatroban through the 

jugular vein. Treatment with argatroban ameliorated thrombin-induced 

vascular injury in a dose dependent manner (ANOVA, P<0.01).  * P<0.05; 

** P<0.01. 
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Figure 6. Thrombin inhibition reduced neuronal injury. 

(A) Cellular death was identified by TUNEL staining (indicated by the 

arrow). 70% of the TUNEL positive cells were doubled labeled with NeuN, 

specific neuronal nuclei marker. (B) Intra-arterial thrombin increased the 

extent of TUNEL staining during ischemia. When thrombin was infused into 

the MCA while argatroban was given intravenously, the numbers of TUNEL 

positive cells significantly decreased (P<0.05, Independent Samples t-test 

after Bonferonni correction).  
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IV. PAR1 MEDIATES THROMBIN TOXICITY AFFECTING 

VASCULAR DISRUPTION AND TISSUE INJURY DURING 

ISCHEMIA 
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Introduction 

The mechanism of damage to the neurovascular unit caused by thrombin 

is not well understood. In general, thrombin might exert its toxic effect by three 

not-mutually exclusive pathways. One is to promote micro-thrombosis in the 

smaller distal vessels and exacerbate the ischemic condition downstream of the 

larger arterial occlusion; another is to induce vascular permeability by PAR1/PKC 

pathways, remodeling the endothelial junctional structure and causing edema112-

114; finally, thrombin might leak into parenchymal tissues and cause direct 

cytotoxic effects on glia and neurons via PAR1/MAPK pathways90-93 86-89.  

Thrombin is a key mediator in the coagulation cascade. When endothelial 

damage occurs during brain trauma or stroke, platelets rapidly accumulate 

around the injured sites. Circulating thrombin is recruited to the surface of 

platelets and activates platelets via the PAR receptors (PAR1 for primates and 

PAR4 for rodents). Activated platelets then will aggregate with each other 

through glycoprotein IIb-IIIa adhesion molecule and deposit in the injured area of 

the vasculature. Docked thrombin will continue to cleave fibrinogen to fibrin, 

resulting in the meshwork of blood clots with platelets.  

Thrombin also mediates cellular signaling pathway by a family of receptors 

called protease activated receptors (PARs). There are four members of PARs: 

PAR1 is the major mediator for thrombin signal and can be activated in the 

presence of low concentration of thrombin; PAR4 is also a thrombin receptor but 

only responds to high dose of thrombin; PAR3 is the cofactor of PAR4; PAR2 is 
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activated by trypsin and trypsin-like serine proteases including factor VII and X. 

Among these four receptors, PAR1 is most well studied. It is widely expressed in 

sensory neurons, glial cells, platelets (in human), and endothelial cells115.  In 

human brain, PAR1 is expressed abundantly in astrocytes and moderately in 

neurons116.  Thrombin is considered as the main ligand for PAR1, but other 

proteases, such as factor X, plasmin, matrix metalloproteinase (MMP), and 

activated protein C (APC), could also activate PAR1 under certain 

circumstances117-121.  

PAR1 is a G-protein coupled receptor. The extracellular domain of PAR1 

contains a cleavage site for thrombin and will be cleaved upon the binding of 

thrombin. The new N-terminal peptide is tethered to itself and activates the 

downstream pathways. Activated PAR1 is rapidly desensitized by 

phosphorylation and arrestin binding; it is then uncoupled from G protein, 

internalized, and sorted to lysosome for degradation115, 117. 

Previous studies have indicated that thrombin can act on endothelial cells 

and disrupt the barrier function. Thrombin activates PAR1 receptors that are 

associated with Gα 12/13 and Gα11/q, leading to the upregulation of calcium and 

activation of RhoA/PKC pathways. These actions will affect the remodeling of 

adherent junction proteins in the endothelial cells and induce endothelial 

permeability112. In addition, thrombin can also activates MMP2 in human 

microvascular endothelial cells122. Most of these investigations were conducted in 
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cultured endothelial cells and the relevance of these pathways in vivo remains to 

be clarified. 

Thrombin toxicity in the brain can also be mediated by PAR1 signaling in 

the parenchymal tissue. PAR1 knock-out mice are more resistant to short 

ischemic insult, and intracerebroventricular injection of a PAR1 antagonist 

reduces the infarct size as well86. Among many cellular signaling pathways 

induced by PAR1 activation, the mitogen-activated protein kinase (MAPK) 

appears as an important mediator of thrombin toxicity. The presence of either 

thrombin or PAR1 agonist in the media can induce a robust response of MAPK 

phosphorylation in the cultured cells123-124. In addition, direct injection of thrombin 

to the striatum causes severe edema and neuronal injury, which can be 

alleviated by the co-injection of chemical inhibitors targeted to MAPK kinases p38, 

ERK, and JNK91. Previous studies have implicated a critical role for MAPK signal 

transduction in cerebral ischemic damage125.  

The mechanism of how thrombin toxicity is mediated in the brain remains 

unclear. In this study, we will target different components in both coagulation 

cascade and PAR1/MAPK pathway and test if pharmacological interference of 

these components will affect the stroke outcome.  
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Materials and Methods 

All protocols were approved by the Animal Research Committee of the 

Veteran’s Affairs Medical Center, San Diego, and by the IACUC of University of 

California San Diego, following all national guidelines for the care of experimental 

animals.  

Animal model 

The procedure for middle cerebral artery occlusion (MCAo) model was 

performed as described previously100-101.The subjects were male adult Sprague 

Dawley rats, 290g to 310g. All animals received tail-vein injections of 0.3mL 

FITC-dextran (Sigma-Aldrich, FD2000S; 2MDa, 5% solution in phosphate 

buffered saline) at the start of the surgery1. Animals were anesthetized with 4% 

isoflurane mixed in oxygen and nitrous oxide (30:70) by facemask. A midline 

neck incision was made exposing the left common carotid artery. The external 

carotid and pterygopalatine arteries were ligated with 4-0 silk. An incision was 

made in the wall of the external carotid artery close to the bifurcation point of the 

external and internal carotid arteries. A 4–0 heat-blunted nylon suture (Ethicon) 

was then inserted and advanced approximately 17.5 mm from the bifurcation 

point into the internal carotid arteries, thereby blocking the ostium of the middle 

cerebral artery. The suture was removed later, typically after 4 hours but this 

could be varied, to allow the reperfusion of blood flow for 30 minutes. To avoid 

the complexity of laser Doppler flow monitoring, which requires scalp retraction 

and burr hole placement, we used clinical ratings to assure proper placement of 
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the nylon filament. Neurological abnormality was examined 1 hour after ischemia 

onset and again during reperfusion using a published rodent neurological grading 

system102. Typically animals with 3 positive findings (abnormal forepaw retraction 

on tail lift, circling, reduced exploration, obvious hemiparesis) on both the 1-hour 

and the reperfusion examinations were found to have lesions; animals with fewer 

findings were typically excluded. Animals were excluded also for subarachnoid 

hemorrhage found at postmortem dissection. At the end of the reperfusion period, 

animals were euthanized with an overdose of pentobarbital and then 

intracardially perfused with 250 ml saline followed by 300 ml of 4% 

paraformaldehyde. Brains were removed, post-fixed, cryoprotected in 30% 

sucrose, and then sliced into 50µm sections on a freezing microtome (Reichert-

Jung). 

Drug preparation 

Subjects were randomly assigned each day to receive drugs or vehicle 

and then all laboratory staff remained blind to group assignment until the code 

was unmasked after all data analysis was complete. The infusion of drugs was 

started immediately after the onset of MCA occlusion and continued using a 

syringe pump (Thermo Scientific, Orion M362) at 0.2mL/hr for 4hr ischemia and 

30min reperfusion. PAR1 antagonist SCH79797 (Tocris Bioscience, Cat# 1592) 

was dissolved in DMSO at 8.3mg/mL as 1000x stocking solution, and was diluted 

in saline and infused into jugular vein at the final concentration of 8.3ug/mL, 

following the optimal dose as previously reported126. MAPK p38 antagonist 
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SB203580 (Tocris Bioscience, Cat#1402) was dissolved in saline at 4.6ug/mL 

and infused into jugular vein91, 93. The glycoprotein IIb-IIIa inhibitor GR144053 

(Tocris Bioscience, Cat#1263) was dissolved in saline at 1.5mg/mL and infused 

into jugular vein127-129. PAR1 agonist peptide TFLLR (Tocris Bioscience, 

Cat#1464) was dissolved in double distilled water at 450umol/L and infused into 

internal carotid artery130-131. The control peptide RLLFT (Tocric Bioscience, 

Cat#3393) was prepared in the same diluents at the same concentration.   

Immunohistochemistry 

At the end of the reperfusion period, animals were euthanized with an 

overdose of pentobarbital and then intracardially perfused with 250 ml saline 

followed by 300 ml of 4% paraformaldehyde. Brains were removed, post-fixed, 

cryoprotected in 30% sucrose, and then sliced into 50µm sections on a freezing 

microtome (Reichert-Jung). Sections were immunostained with primary 

antibodies goat anti-thrombin (Santa Cruz, sc-23335, 1:200), rabbit anti-PAR1 

(H-111, Santa Cruz, sc-5605, 1:200), mouse anti-NeuN (Millipore, MAB377, 

1:1000), mouse anti-GFAP (Millipore, MAB360, 1:5000), mouse anti-CD31 

(Millipore, CBL468, 1:300). Selective Cy3 or Cy5 conjugated secondary 

antibodies were obtained from Millipore. The protocol for immunostaining is 

described in brief: sections were permeabilized with 5% bovine serum albumin 

and 0.1% triton X-100 for 1 hour, incubated with primary antibody at 4°C for 2 

days, and followed by incubation with secondary antibody at room temperature 



50 
 

 
 

for 4 hours.  Sections were washed in PBS, mounted on slides, and cover-

slipped with Pro-Long antifade reagent (Invitrogen).  

Cell death assay 

To detect the cellular death associated with ischemic vascular disruption, 

a TUNEL staining protocol was employed using the In Situ Cell Death Detection 

Kit (Roche, Cat# 12156792) with minor modification. Sections prepared above 

were pretreated with fresh 0.1% Triton X-100 and 0.1% sodium citrate buffer for 

10 minutes on ice. Then the sections were rinsed twice with phosphate buffered 

saline (PBS), and incubated with TUNEL reaction mixture prepared according to 

the manufacturer’s instruction for 3 hours at 37ºC. Finally, the sections were 

rinsed in PBS, mounted with ProLong Gold antifade reagent (Invitrogen), and 

imaged with a stereoscope (Olympus, MVX10 MacroView).  

Imaging and quantitative analysis 

To characterize the extent of severe blood-brain barrier disruption in each 

animal, 9 sections spanning the MCA territory were imaged under epi-

fluorescence microscopy using a highly sensitive CCD camera (Apogee, 

KAF32MB). The signal of FITC-dextran was quantified using Image-Pro Plus 

(Cybermedia)  as described previously1. To evaluate the extent of cellular death 

labeled by TUNEL staining, three images spanning the striatum on the ischemic 

side were recorded for each brain section, and the number of TUNEL positive 

cells was counted. 



51 
 

 
 

Results  

PAR1 activation colocalized with vascular leakage of FITC-dextran 

Sections from 4hr ischemia brain were immunostained with PAR1 

antibody to determine if PAR1 activation occurs in regions of vascular leakage. 

PAR1 antibody (H-111) targets to the thrombin binding sites on the N-terminal 

extracellular domain132-133. Upon activation, PAR1 is rapidly internalized and 

degraded. Therefore the activation of PAR1 is evident by the loss of PAR1 

antigen signal134-135. In sub-regions of severe vascular disruption labeled by 

FITC-dextran, PAR1 signal were significantly reduced compared to sub-regions 

with no FITC-dextran fluorescence (Fig. 1).  

PAR1 agonist promoted severe vascular disruption and tissue injury 

To determine if PAR1 activation mediates thrombin induced vascular 

disruption during ischemia, we infused PAR1 agonist peptide, TFLLR, through 

internal carotid artery to the brain for the duration of 4hr ischemia and reperfusion. 

A scramble sequence peptide RLLFT was employed as a control substance. The 

group receiving agonist peptide showed 50% increase in the area of FITC-

dextran leakage compared to the control group (Independent sample t-test, 

P<0.05, Fig. 2A). The number of TUNEL positive cells in the agonist group was 

also greater than that in the control group (Fig. 2B).  
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Inhibition of PAR1 reduced brain regions of vascular disruption 

We next sought to ask if PAR1 inhibition would block the thrombin toxicity. 

SCH79797 a novel PAR1 antagonist was infused through jugular vein over 4hr 

ischemia and 30min reperfusion. Animals were assigned randomly to the 

treatment group and the control group. The average area of severe vascular 

disruption in the treatment group was significantly lower than that in the control 

group (Independent sample t-test, P<0.05, Fig. 3A). The number of TUNEL 

positive cells was also significantly reduced (P<0.05, Fig. 3B). 

Inhibition of p38 kinase activity reduced ischemic injury 

To determine whether PAR1 mediated thrombin toxicity is dependent on 

MAPK kinases during ischemia, we infused SB203580, an antagonist to p38. 

SB203580 was infused through jugular vein at doses of 1nmol, 5nmol, and 

10nmol. The reduction of severe vascular damage was maximal when animals 

were treated with 10nmol of SB203580 (Fig. 4A). The area of FITC-dextran 

distribution was significantly less in the treatment group than in the vehicle group 

(Independent sample t-test, P<0.05). The number of TUNEL positive cells in the 

agonist group was also reduced (Fig. 4B). 

Inhibition of platelet aggregation did not affect ischemic vascular disruption 

To examine if increased coagulation activity contributes to thrombin 

toxicity on the vasculature during ischemia, we infused GR144053 an inhibitor of 

platelet aggregation directed against platelet glycoprotein IIb-IIIa during 4hr 
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ischemia and reperfusion. The overall coagulation activity was significantly 

increased in the treatment group compared to the vehicle group (Independent 

sample t-test, P<0.05; Fig. 5A). However, no significant difference was found in 

the area of severe vascular disruption between the two groups (P>0.05; Fig. 5B). 

The number of TUNEL positive cells in the treatment group was not significantly 

different from that in the control group (P>0.05; Fig. 5C). 
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Discussion 

We investigated two putative mechanisms of thrombin toxicity during 

cerebral ischemia. First, we demonstrated that ischemic brain injury by thrombin 

was in part mediated by PAR1 pathways. PAR1 activation was significantly 

promoted in regions of severe vascular disruption labeled by FITC-dextran. 

Arterial infusion of PAR1 agonist peptide mimicked the effect of thrombin on both 

vasculature and tissue damage, while infusion of PAR1 antagonist ameliorated 

the ischemic injury. In addition, infusion of a p38 MAPK inhibitor reduced severe 

vascular damage as well as cell death labeled by TUNEL staining.  

We also investigated if the coagulation pathway contributes to thrombin 

toxicity in our stroke model. Using an inhibitor of platelet aggregation, we were 

able to interfere in coagulation activity as confirmed by the significant increase in 

bleeding time. No significant difference was found in either vascular disruption or 

cell death between treatment group and vehicle group. These results suggested 

that thrombin toxicity over extended ischemia may not involve a pro-coagulant 

effect. Inhibitors targeted to other components in coagulation cascade need to be 

tested in the future studies to confirm this inference.  

The exact mechanism how PAR1 activation mediates severe vascular and 

tissue damage remains elusive. PAR1 expression can be detected in most cell 

types in the brain but is most abundant in astrocytes and neurons. It is likely that 

PAR1 participates in diverse cellular activities in different cell types89, 113, 136. In 

neurons, PAR1 activation could lead to reduced neurite growth and apoptosis. In 
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astrocytes, PAR1 could induce gliosis and toxin release. In endothelial cells, 

PAR1 could mediate junctional protein remodeling and directly affect the integrity 

of blood-brain barrier. More recently, a new mechanism involving cell-cell 

crosstalk was proposed, suggesting that PAR1 activation might mediate 

glutamate release from astrocytes and result in excitotoxicity in neurons137-138. 

Other PAR1 related cellular responses include activation of microglial cells, 

generation of reactive oxygen species139, and release of inflammatory 

mediators140. All of these mechanisms are not mutually exclusive and can 

potentially contribute to the ischemic damage mediated by thrombin/PAR1 

pathway. Further investigation into the mechanism should dissect PAR1 pathway 

at different cell types in the context of ischemic stroke.  

  



56 
 

 
 

Figures 

  

 

 

 

 

 

 

 

Figure 1. PAR1 activation in regions of vascular leakage 

Sections from 4hr ischemia brain were immunostained with PAR1 antibody 

to determine if PAR1 activation occurs in regions of vascular leakage. In 

sub-regions of severe vascular disruption labeled by FITC-dextran, PAR1 

signal were significantly reduced (red frame) compared to sub-regions with 

no FITC-dextran fluorescence (blue and yellow frames).  
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Figure 2. PAR1 agonist promoted vascular disruption and tissue injury 

To determine if PAR1 activation mediates thrombin induced vascular 

disruption during ischemia, we infused PAR1 agonist peptide, TFLLR, 

through internal carotid artery to the brain for the duration of 4hr ischemia 

and reperfusion. A ramble sequence peptide RLLFT was employed as a 

control substance. (A) The group receiving agonist peptide showed 50% 

increase in the area of FITC-dextran leakage compared to the control group 

(Independent sample t-test, P<0.05). (B) The number of TUNEL positive 

cells in the agonist group was also greater than that in the control group 

(Independent sample t-test, P<0.05). 
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Figure 3. Inhibition of PAR1 reduced areas of vascular disruption and 

cell death 

SCH79797 a novel PAR1 antagonist was infused through jugular vein over 

4hr ischemia and 30min reperfusion. Animals were assigned randomly to 

the treatment group and the control group. (A) The average area of severe 

vascular disruption in the treatment group was significantly lower than that 

in the control group (Independent sample t-test, P<0.05). (B) The number of 

TUNEL positive cells was also significantly reduced (P<0.05). 
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Figure 4. Inhibition of p38 kinase activity reduced ischemic injury 

To verify if PAR1 mediated thrombin toxicity is dependent on MAPK kinases 

during ischemia, we infused SB203580 the antagonist to p38. (A) The area 

of FITC-dextran distribution was significantly less in the group treated with 

10nmol inhibitor than in the vehicle group (Independent sample t-test, 

P<0.05). (B) The number of TUNEL positive cells in the agonist group also 

decreased than that in the control. 
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Figure 5. Inhibition of platelet aggregation did not affect ischemic 

vascular disruption 

To examine if increased coagulation activity contributes to thrombin toxicity 

on the vasculature during ischemia, we infused GR144053 an inhibitor 

against platelet glycoprotein IIbIIIa during 4hr ischemia and reperfusion. (A) 

The overall coagulation activity was significantly increased in the treatment 

group compared to the vehicle group (Independent sample t-test, P<0.05). 

(B) No significant difference was found in the area of severe vascular 

disruption between the two groups (P>0.05). (C) The number of TUNEL 

positive cells in the treatment group was not significantly different from that 

in the control group (P>0.05). 
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V. CONCLUSION 
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This thesis investigated whether blood-brain barrier leakage contributes to 

ischemic injury by a thrombin-related mechanism. Although many efforts have 

been devoted to describe the molecular mechanisms underlying ischemic injury, 

it is still unclear why a certain group of cells die from a particular mechanism of 

death and why delayed neuronal death occurs after reperfusion. A 

comprehensive understanding on the microenvironment of brain cells and the 

dynamic interaction between different cells is needed to understand fully the 

heterogeneous nature of stroke pathophysiology. This thesis is part of the effort 

towards that goal. 

The thesis established the notion that severe vascular disruption was 

associated with surrounding tissue injury. The application of high molecular 

weight marker FITC-dextran facilitated the labeling of original injury sites in the 

vasculature after we demonstrated a tight correlation between FITC-dextran 

extravasation and severe vascular injury. Features of cytotoxic edema were 

identified within these labeled vessels, and barrier dysfunction was exemplified 

by the discontinuous membrane ultrastructure. Histology staining for infarction 

and neuronal injury indicated that increased level of vascular leakage strongly 

correlated with increased tissue injury.   

It then became an interesting question to know what mechanisms account 

for the link between vessel damage and tissue injury in acute ischemia. 

Vasogenic edema is a possible mechanism by allowing the water influx in the 

interstitial space and increasing the intracranial pressure, but in general 
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vasogenic edema does not become significant until hours or even days after the 

stroke onset. The fact that vascular disruption labeled by FITC-dextran appeared 

as early as 1hr after ischemia suggested the possibility of an early mediator 

leaking into the brain parenchyma and causing subsequent tissue injury. 

The thesis presented evidence for the first time that blood-brain barrier 

leakage of thrombin contributed to severe brain injury in an in vivo ischemia 

model. Thrombin might exert its toxic effect by promoting microthrombosis within 

the vasculature, or by activating cellular receptors on the peri-vascular tissues, 

most likely via PAR1 receptor (Figure 5.1). Our data supported the model of 

cellular receptor pathways. Increased levels of thrombin and PAR1 activation 

were found in regions of severe vascular disruption. Arterial infusion of thrombin 

or PAR1 agonist exacerbated both severe vascular damage and tissue cell death, 

which was reduced by infusion of either thrombin inhibitor or PAR1 antagonist. 

One of the downstream effectors of PAR1, p38 MAP kinase, was tested and the 

result suggested that thrombin toxicity might involve the MAPK pathways. 

The exact mechanism of how thrombin mediates vascular and tissue 

injury during acute ischemia requires further investigation. Thrombin toxicity on 

vasculature might be mediated by its direct effect on blood-brain barrier tight 

junctions, or by affecting neurons and glial cells which disrupts the integrity of 

neurovascular unit, or by inducing inflammatory response that brings indirect 

detrimental outcome to the brain. For future studies, cell-specific PAR1 knockout 

animals might be needed to dissect the roles of thrombin in different cell types. 
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Alternatively, virus-based shRNA could be infused to knock down the expression 

of PAR1 or other downstream genes. Novel markers that are able to detect 

thrombin activation in vivo are highly desired for research attempt to relate 

thrombin to pathophysiological changes during stroke.   

Thrombin concentration in the systemic circulation is under delicate 

regulation. High level of thrombin contributes to the stroke risk by potential high 

incidence of microthrombosis, and low thrombin activity leads to intracerebral 

bleeding complications. The data from the thesis suggested a novel mechanism 

of thrombin toxicity that leaking thrombin in parenchymal tissue might play a 

significant role in causing brain injury during acute stage of ischemia. It provides 

the possibility of designing drugs that target only to the cellular receptor pathway 

without affecting coagulation activity. Argatroban, as well as many other inhibitors 

of thrombin, need to be re-evaluated for their efficacy in reducing thrombin 

toxicity in acute ischemia. 
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Figure 1. Scheme of thrombin toxicity during acute stage of ischemia 
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